Recent years have witnessed a proliferation of alternative theories of gravity, motivated by long-standing puzzles in general relativity [1] . It is pertinent to develop theoretical benchmarks that will allow us to select the physically relevant candidates, and to subsequently use observational constraints in order to single out the few theories that are actually viable alternatives.
One of the major riddles of general relativity is that it predicts the appearance of spacetime singularities originating from regular initial data, e.g. in the gravitational collapse of massive stars and in the early universe. In order to resolve these singularities, an appealing proposal for a modified theory of gravity, the so-called Eddingtoninspired Born-Infeld (EiBI) theory, was recently put forward in Ref. [2] and it has been subject to scrutiny in a number of works [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . EiBI gravity is equivalent to general relativity in vacuum and does not propagate any degree of freedom other than a massless graviton. On the other hand, the theory introduces nonlinear couplings to the matter fields [6, 7] , which resolve at least some of the singularities appearing in Einstein's theory.
The Big-Bang singularity in early cosmology is replaced by a freezing or a bouncing behavior of the cosmological scale factor, depending on the extra EiBI parameter [2] . The gravitational collapse of noninteracting particles does not lead to singular states in the nonrelativistic limit [3, 6] . A tensor instability of the homogeneous and isotropic universe was found in Ref. [9] and EiBI gravity has been also studied as an alternative to the inflation paradigm [10] . Possible constraints on the theory have been considered using solar models [4] and cosmological observations [5, 13] (see also Ref. [14] ). However, a degeneracy between EiBI corrections and different matter configurations [7] makes it difficult to put observational constraints without independent knowledge of the matter content of the theory.
Previous literature on EiBI gravity mostly focused on phenomenological aspects of the theory; a more detailed study on its dynamics and on the structure of its field equations has not been performed yet. Here, we argue that the field equations of EiBI gravity have a peculiar differential structure which is similar to that of Palatini f (R) gravity [15] and, as a result, they exhibit the same pathologies with the latter (see e.g. Refs. [16] [17] [18] [19] and the review [15] ) and with theories where matter is coupled to the Ricci scalar, which also have similar characteristics [20] . Although these theories provide an appealing (and in fact similar [21] ) early-time cosmology, such pathologies cast serious doubts on their viability.
EiBI gravity is described by the following action [2]
where
is the matter action, Ψ M generically denotes any matter field, R ab is the Ricci tensor built from the connection Γ c ab , g = | det(g ab )|, Λ turns out to be the cosmological constant and κ is the extra EiBI parameter which has dimensions of length squared. Round (square) brackets denote (anti)-symmetrization.
In the metric approach the field equations contain ghosts, which must be eliminated by adding extra terms to the action [22, 23] . Thus, EiBI gravity is naturally based on the Palatini formulation, i.e. the connection Γ c ab is considered as an independent field. The original EiBI proposal is based on some crucial assumptions, namely: (i) the matter action is independent from Γ In principle, assumptions (i), (ii) and (iii) are not required and, together with the action (1), they define a particular version of EiBI gravity. Relaxing (i)-(iii) would lead to a metric-affine version of the theory, similarly in spirit to the case of metric-affine f (R) theo-ries [25] , but very different from the original theory. We will explore this possibility in a separate publication. Here we shall rely on the assumptions above, as in the original proposal [2] .
We start by expanding the action (1) at second order in κ. This yields
where R = g ab R ab . For simplicity, we shall use units such that 8πG = 1. When κ = 0, EiBI gravity reduces to the Palatini formulation of general relativity with a cosmological constant. As is well known, in this case the field equations impose that the connection is the LeviCivita one and the theory reduces to Einstein's gravity. However, at first order in κ, quadratic corrections in the curvature tensor built from the independent connection appear in the action (2) . The Palatini formulation guarantees that, despite these extra terms, no higher derivatives of the metric field would appear in the field equations. Note also that, when expanded order by order in κ, the action (1) takes the form of a specific Palatini f (R, R ab ) theory [24, 26] .
We now return to action (1). Independent variation with respect to the metric and the connection yields
where we have defined q ab ≡ g ab + κR (ab) and∇ a is the covariant derivative defined with Γ c ab , T ab ≡ (g) −1/2 δS M /δg ab is the standard stress-energy tensor, whose indices are raised and lowered by g ab , whereas q ab is the inverse of q ab . After some manipulations, Eq. (4) takes the form
On the other hand, using Eq. (3) we obtain
which can be rewritten as
Equation (6) determines q ab algebraically in terms of g ab and T ab , whereas Eq. (5) determines Γ c ab as the LeviCivita connection of q ab . Hence, one can use these equations to eliminate Γ c ab from Eq. (7). Then, the latter is the equation that has to be used to determine g ab .
It is straightforward to see that, after eliminating Γ c ab , Eq. (7) becomes a second-order partial differential equation in g ab . However, it is equally straightforward to see that it also contains second derivatives of T ab . This is true in the full theory, but it becomes more explicit if we expand Eq. (7) at first order in κ. The expansion can be found easily by noting that
where τ ab ≡ T ab − 1 2 g ab T + Λg ab . Using the expression above, we get a single equation for the metric g ab only:
T T ab and we have used the fact that τ ab is symmetric. Note that now R ab is built solely from the Levi-Civita connection of g ab and ∇ a is the covariant derivative associated with g ab . Therefore, Λ inside τ ab does not contribute to the second line of Eq. (8) .
General relativity corresponds to κ = 0 and for κ = 0 Eq. (8) contains second derivatives of T ab , i.e. at least third derivatives of the matter fields (unless we consider a fluid approximation of matter). This is in contrast to Einstein's theory, where usually only first derivatives of the matter fields appear on the right hand side of Einstein's equations. This different structure is also evident in the Newtonian limit of the theory [2] , which can be straightforwardly obtained from Eq. (8) but the results holds for any value of κ and does not hinge on the small κ expansion. The modified Poisson equation is
where ρ is the matter density and Φ N is the standard Newtonian potential. Although the modified Newtonian regime has been studied in some detail and it provides interesting phenomenology [4, 6] , Eq. (9) shows that the gravitational potential Φ is algebraically related to ρ. This demonstrates that gravity is noncommulative: unlike in Einstein's theory, the metric in EiBI gravity is not just an integral over the sources but it receives an algebraic contribution from the matter fields and their derivatives. Any matter configuration which is discontinuous or just not smooth enough will produce discontinuities in the metric and singularities in the curvature invariants (which depend on the second derivatives of Φ), leading to unacceptable phenomenology. Clearly, this behaviour persist in the post-Newtonian limit (cf. Ref. [15] for a discussion in Palatini f (R) gravity). These problems have been overlooked in the literature of EiBI theory.
As mentioned earlier, the same pathologies arise in Palatini f (R) gravity [15] and in theories with matter coupled to the Ricci scalar [20] . Indeed, the structure of Eq. (8) is the same as in Palatini f (R) theory (cf. Eq. (28) in Ref. [15] ). A qualitative difference is that our Eq. (8) contains derivatives of the full stress-energy tensor, whereas the field equations in Palatini f (R) gravity only contain derivatives of the trace T = g ab T ab . Thus, the problems we are discussing are already manifest when EiBI gravity is simply coupled to a Maxwell field, whose stress-energy tensor is traceless, T ≡ 0.
Let us now discuss some problems in constructing perfect-fluid equilibrium structures in EiBI gravity, which are related to its peculiar differential structure. We shall build on previous works which discuss similar pathologies in other theories [15, 20] . Static and spherically symmetric perfect-fluid stars were discussed in detail in Refs. [3, 6] . Without loss of generality, a convenient ansatz for the metrics reads
where we have used the gauge freedom to fix the function in front of the spherical part of the auxiliary q ab metric. We consider perfect-fluid stars whose stressenergy tensor reads T ab = [ρ + P ] u a u b + g ab P , where u a = (1/ √ F , 0, 0, 0) and ρ(r) and P (r) denote the energy density and the pressure respectively.
Notice that the field equations (3) are simply algebraic relations between q ab and g ab . Inserting the ansätze above into Eqs. (3), one can solve for the coefficients of g ab in terms of q ab and T ab [6] . Then, the dynamical equations (7) do not explicitly contain second derivatives of the matter fields and can be solved for p, h and P , assuming an equation of state of the form P = P (ρ). Interestingly, in this formulation the field equations are equivalent to the standard Tolman-Oppenheimer-Volkoff equations for the metric q ab , with an effective equation of state [7] . Since matter is covariantly coupled to the g ab metric, the standard conservation of the stress-energy tensor follows, ∇ a T ab = 0. Finally, the interior solution is matched to the (unique) exterior Schwarzschild metric through appropriate junction conditions at the stellar surface [3, 6] . However, in this formulation the physical g ab metric is not a dynamical quantity and a successful numerical integration does not necessarily mean that geometric invariants, which involve derivatives of g ab , are regular. Indeed, we show here that the Ricci curvature of the physical g ab metric is divergent at the surface. This singularity has been missed in previous literature on EiBI gravity.
For simplicity, we consider the asymptotically flat case, Λ = 0. Using Eqs. (10)-(11), the Ricci curvature reads
which involves first and second derivatives of the g ab metric coefficients F , B and A. By using the algebraic relations, we can write R g only in terms of the q ab -metric coefficients p and h and of the matter fields P and ρ. The final expression can be schematically written as
where we have used the equation of state to eliminate ρ and its derivatives. In general relativity the Ricci curvature simply reads R g = −T = ρ − 3P , i.e. no derivatives of the matter fields appear. This has profound implications. For example, if the function P (r) is continuous but not differentiable at the stellar surface, then P ′ would be discontinuous at the radius and P ′′ would introduce an unacceptable Dirac delta contribution to the curvature. However, the differentiability of P (r) at the surface is hard to judge before having solved the field equations.
In the specific case of polytropic equations of state however, where P = Kρ Γ 0 , with ρ 0 being the rest-mass density and K and Γ constants, one can determine the behaviour of R g at the surface without actually having to solve the equations fully. The energy density can then be written explicitly as ρ(P ) = [P/K] 1/Γ + P/(Γ − 1). We can use the field equations [6] to eliminate the derivatives in Eq. (13) . Evaluating R g at the stellar surface, i.e. as r → R S and P → 0, for any κ = 0 we get
In the equation above, γ Γ = 0 if 0 < Γ < 3/2, whereas [6, 12] . Therefore, for any Γ > 3/2 the scalar curvature diverges at the surface. The diverging terms originate from the derivatives of the matter fields in Eq. (13) and more specifically from the terms ∼ κρ 2 ρ P P , κρρ P and ρ P P /(κρ 2 P ), where the subscripts denote partial derivatives with respect to P .
A similar result, i.e. the divergence of the Ricci scalar at the surface of polytropic matter configurations, was obtained in Palatini f (R) gravity and the consequences are discussed in detail in Refs. [17] [18] [19] . In that case, the divergence occurs only for 3/2 < Γ < 2. In EiBI gravity one has γ Γ ∼ 1/κ for Γ > 2, so that this singular solution does not appear in a small κ expansion in which EiBI gravity resembles Palatini f (R, R ab ).
What we have established is that EiBI gravity does not admit any regular solution for polytropic spheres with Γ > 3/2, even for arbitrarily small values of κ. At least two physical matter configurations are exactly described by a polytropic equation of state with Γ > 3/2: a degenerate gas of nonrelativistic electrons and a monoatomic isentropic gas, both having Γ = 5/3. These perfectly reasonable systems, which can even be described within Newtonian theory, have no description in EiBI theory. This renders the theory at best incomplete.
It is worth stressing that our analysis relies only on the field equations and on the form of the equation of state close to the stellar surface. Any matter configuration whose behaviour resembles a polytrope (as an effective description) with adequate accuracy in the immediate vicinity of the surface will be singular, regardless of any complicated microphysics describing the stellar interior. There are many known examples of stars that satisfy this property. For instance the atmosphere of a white dwarf is well approximated by a polytrope with Γ = 10/3 (see e.g. Refs. [27, 28] ).
At this stage one might claim that the polytropic, perfect-fluid description will break down at very small densities, and this might be a potential way out. Nonetheless, this would imply that no solutions for white dwarfs (and for many other systems) are allowed in EiBI gravity without precise knowledge of the microphysics of the matter near the surface. Even after introducing some microphysical description, there are no guaranties that the solution would be regular. Indeed abandoning the fluid approximation would just increase the differential order of the field equations in the matter sector, making the curvature even more sensitive to sharp variations in the matter fields.
For the sake of the argument though, let us suppose that a polytropic equation of state provides a reliable description close to the surface down to, say ρ ∼ 10 −n kg/m 3 . Strong deviations from general relativity are expected when R EiBI g ≫ R GR g = ρ − 3P at some radius very near the surface. For example, surface singularities would give rise to divergent tidal forces, which can be orders of magnitude larger than in Einstein's theory [18] . Let us then require that R EiBI g R GR g . This yields
where we have assumed M ∼ 1.4M ⊙ , R S ∼ 10 −2 R ⊙ and Γ = 10/3. For n = 10, the absence of strong near-surface curvature effects would imply κ 4 × 10 44 m 5 kg −1 s −2 . This bound, though admittedly simplistic, is nonetheless about 40 orders of magnitude larger than other current constraints [3-5, 11, 14] . Additionally, Eq. (16) is a lower bound whereas all other constraints (including those one could derive by applying similar arguments to matter configurations well described by polytropes with 3/2 < Γ < 2) are upper bounds that are totally incompatible with Eq. (16) .
We emphasize that the surface singularities found above are not a prerogative of some polytropic fluid description of matter near the surface. Polytropes just allow for a convenient analytical treatment of the problem.
The key issue is that higher-order derivatives of matter fields, which appear in the EiBI field equations as a result of integrating out nondynamical degrees of freedom, make the geometry unacceptably sensitive to sharp variations in the matter configuration. Surface singularities in polytropic spheres are just one possible manifestation of this sensitivity, but similar phenomena will be present in real world systems, where sharp density variations are common. This shortcoming, the rest of the pathologies related to the presence of nondynamical fields and a thorough discussion on the limitations of the polytropic fluid approximation can been found in Ref. [19] for Palatini f (R) gravity (see also Refs. [29, 30] ). We will avoid repeating this discussion here for EiBI gravity, as it would be nearly identical.
In summary, we have shown that EiBI gravity is plagued by serious pathologies, whose root is the fact that the theory contains an auxiliary connection. The latter can be eliminated in order to obtain second-order dynamical equations for the metric only. However, the differential structure of these equations is profoundly different from general relativity, as higher derivatives of the matter fields appear. This makes gravity noncommulative and spacetime geometry particularly sensitive to sharp changes in the matter configuration. In particular, a discontinuity in the matter density or even only in its derivatives is enough to produce curvature singularities, leading to unacceptable phenomenology. This fact has been missed in the recent literature on EiBI gravity but it has profound consequences for the viability of the theory, similarly to the case of Palatini f (R) gravities [17] [18] [19] and to theories where matter is coupled to the Ricci scalar [20] .
These problems appear to be a generic prerogative of gravitational theories which do not propagate any degree of freedom other than the massless spin-2 field, but instead contain auxiliary fields that are algebraically related to the metric and to matter. Although these theories are equivalent to general relativity in vacuum, once the auxiliary fields are eliminated using some algebraic relation, the dynamical gravitational equations contain higher derivatives of the matter fields. This is the case discussed here, where the auxiliary field is the connection or, equivalently, the q ab metric.
In principle, this pathology could be alleviated by introducing higher order derivatives of the metric as well (this is for example the case in which matter is coupled to some nonlinear function of the Ricci scalar [31] ). However, this usually produces different problems, like unitarity loss, instabilities, etc.
Finally, in this work we followed the original proposal, assuming the independent connection to be symmetric, the matter action to be independent from it and that only R (ab) appears in the action. Relaxing these conditions would lead to the most general, metric-affine [25] version of EiBI gravity, which presumably has a richer phe-nomenology. Understanding whether this more general theory may evade the pathologies discussed here would be an interesting extension of the present work.
